Introduction
Titanium implants have been widely used for the clinical treatment of tooth loss and bone tissue defects in dentistry and orthopedics owing to the good biocompatibility and long-term survival of titanium implants in the human body [1] [2] [3] . Nevertheless, the success rate of titanium implants can still be improved. Inferior osteointegration caused by the bio-inert titanium surface threatens the long-term effi cacy of titanium implants 4) . Therefore, novel titanium implant materials may improve osteointegration by bioactive surfaces.
In the recent years, titanium with nanostructures has been found to be a suitable implant material for dental and orthopedic implants. Titanium surfaces with nanostructures show better cell migration and differentiation in vitro 5, 6) and improved osteointegration in vivo compared with the traditional titanium surface without nanostructures 7) . Several methods can be utilized to modify titanium surfaces and produce nanostructures, such as alkaline hydrothermal 8, 9) or acid oxidation 10, 11) . Our previous studies have demonstrated that treatment with high concentrations of alkali can produce a basic, hydrophilic sodium titanate layer with nanonetwork structures on the titanium surface, termed titanium with nanonetwork structures (TNS) 12) . TNS enhances osteogenic activity from the initial to fi nal stages of in vitro tests. In addition to its ability to enhance osteogenic activity, TNS also has several other advantages, including room temperature synthesis, environmentally safe application, controllable reaction conditions, low energy consumption (no heat treatment needed), and low cost. Thus, high-concentration alkali treatment may be a suitable synthetic route for producing titanium with nanostructures 13) . However, the biological advantages of TNS still need to be confi rmed using in vivo experiments.
In the present study, we implanted TNS screws and pure titanium screws into the hind limbs of rats and evaluated in vivo osteointegration on these two implant materials in order to compare the bone tissue responses between these two implant materials. We anticipate that our in vivo experiment results will provide a useful and significant reference for future clinical applications of TNS.
Materials and Methods

Sample preparation
Titanium discs (15 mm in diameter and 1 mm in thickness) and titanium screw implants (1.2 mm in external diameter and 12 mm in length) were used in this study for sample preparation, surface characterization, and the animal experiment. We prepared samples for the following two groups: machined surface group (control group), and nanostructured group (experimental group).
Based on previous reports by our group, all samples were ultrasonically cleaned using acetone, ethanol, and ultrapure water (100 mL) for 10 min each and dried at room temperature overnight. Half of the cleaned samples were set as the experimental group and then immersed in 10 M NaOH solution (200 ml) at 30°C, shaken at 120 strokes/min for 24 h, washed with ultrapure water until the solution reached a conductivity of 5 μm/cm 3 , and dried in the room temperature to obtain the nanostructured samples.
Surface characterization
The surface morphologies of the two groups were observed by scanning electron microscopy (SEM; S-4800; Hitachi, Tokyo, Japan). The results of SEM were used to determine whether the material reached the nanometer scale. PHI, Kanagawa, Japan) was used to determine the surface chemical compositions of the samples. The range of binding energies was set to 1000.00-0.00 eV. In addition, the C1s, Ti2p, O1s, and Na1s elements were analyzed.
Atomic force microscopy (AFM; SPM-9600; Shimadzu, Tokyo, Japan) was also used to determine the surface phase properties, such as the surface roughness, of the materials.
Animal model and surgical procedures
Twenty male rats (Shimizu Laboratory Supplies Co., Kyoto, Japan; age 8 weeks, weighing 160 ± 15 g) were used in this study. The experimental animals were randomly divided into two groups, with 10 rats in each group. The experimental method is based on the previous experience of our research group 14) . Animals were given inhalation anesthesia, followed by intraperitoneal injection of anesthetics (1.5 ml/kg). The hair was shaved off the right hind limb, and the skin was disinfected with iodine followed by 75% ethanol to remove the iodine. A 1-cm-long longitudinal skin incision was made along the medial side of the knee joint, and the subcutaneous fascia was incised. The patella and extensor mechanism were then dislocated to expose the distal aspect of the femur. A pilot hole was drilled through the intercondylar notch using a 1-mm-round dental bur under profuse sterile saline irrigation, and the hole was enlarged to 1.2 mm with an endodontic fi le. The implants, sterilized by ethylene oxide gas, were randomly inserted into the 20 prepared channels and the medullary cavities of the right femurs. After surgery, the knee joint was restored, and the surgical site was closed in layers. The animals received intramuscular injections of gentamicin (1 mg/kg) and buprenorphine (0.05 mg/kg) for 3 days to prevent postsurgical infection and relieve pain. All rats were allowed free movement without any restriction.
The operation procedure strictly followed aseptic operation principles. The animal study was performed in accordance with the ethical guidelines of the Animal Care and Use Committee of Osaka Dental University (admission number: 16-08002).
Micro-computed tomography (micro-CT) assessment
The right femurs of the rats, which contained implants, were removed 4 or 8 weeks after surgery and immediately soaked in 10% formalin. The 20 specimens were then scanned using an SMX-130CT micro-CT scanner (Shimadzu) operated at 70 kV and 118 mA. Subsequently, we analyzed the implant and its surrounding tissues using morphometric software (TRI/3D-BON; Ratoc System Engineering, Tokyo, Japan); and the viewing region around the implant at 500 μm, at 2 mm below the epiphyseal line, was defi ned as the region of interest (ROI). Analysis of the ROI included the following four points: bone volume fraction (BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular separation (Tb.Sp, μm), and trabecular thickness (Tb.Th, μm).
Statistical analyses
All quantitative results were expressed as means ± standard deviations. Results were evaluated by one-way analysis of variance (ANOVA) and Bonferroni's post hoc test using SPSS 20.0 software (IBM Corporation, Armonk, NY, USA). Results with P values of less than 0.05 were considered statistically signifi cant.
Results
Surface characterization
According to the results of SEM analysis, there were no obvious differences between the alkali treatment group and the pure titanium group when the specimens were enlarged to 100× (Fig.1A, D) . The material was further enlarged by multiples of 50,000×, and the surface morphology of the alkali treatment group implant showed an alveolate porous structure, with homogeneous holes (Fig. 1E) , whereas the pure titanium group showed a scratch after mechanical processing (Fig. 1B) . Fig. 1C shows AFM images of samples from the pure titanium group, marked with scratches; the roughness (Ra) was 8.49 nm. Samples from the alkali treatment group (Fig. 1F) showed threedimensional projections with similar sizes and a roughness (Ra) of 22.87 nm. The AFM results were consistent with the SEM results. Abbreviations: AU, arbitrary unit; Ti, titanium; TNS, titanium with nanonetwork structures; XPS, X-ray photoelectron spectroscopy. The results of elemental analysis of the surface of the material are shown in Fig. 2 . The XPS spectrum for titanium showed a Ti2p peak for both groups, indicating that both of the samples were covered by titanate. Additionally, as shown in Fig. 2B and Table 1 , the C1s peak of the alkali treatment group was signifi cantly lower than that of the pure titanium group, and the atomic percentage of carbon was 17.8% less in alkali-treated material than in the control group. As shown in Table  1 , the Na1s in the experimental group increased obviously, probably because of the alkali treatment.
Animal model and surgical procedures
As shown in Figure 3A , during creation of the incision and exposure of the field, the amount of bleeding in the operation area was lower, and the exposure of the operation field was clear. After a pilot hole was drilled through the intercondylar notch, the implant model was successfully constructed (Fig. 3B) . When the material was implanted (Fig. 3C) , obvious implant movement was not observed, and the implantation surgery was successful. No severe bleeding was observed after stratifi ed suture, as shown in Fig. 3D . After injection of antibiotics and painkillers, the animals were placed in the rat observation room.
Micro-CT assessment
In order to evaluate bone formation and the shape of new bone around the implants, three-dimensional scanning and reconstruction of micro-CT were performed as shown. At 4 weeks, we found that the experimental group had better bone formation ability than the control group (Fig. 4A, B) . At 8 weeks, in the titanium and alkali treatment groups, abundant new bone formation was observed, and the bone density was higher than that at 4 weeks (Fig. 4C, D) . Additionally, the Tetsuji Kusumoto et al.: Evaluation of an Alkali-Treated Implant System In Vivo bone content increased signifi cantly in the alkaline treatment group. Figure 5A -D show the BV/TV, Tb.N, Tb.Sp, and Tb.Th values of the new bone around the implants at 4 weeks. At 4 weeks, although there were no significant differences between the experimental and control groups in terms of Tb.N, both BV/TV and Tb.Th values were signifi cantly higher in the experimental group than in the control group (p < 0.05). Moreover, the Tb.Sp value was lower in the experimental group than in the control group. Our results demonstrated that the BV of the experimental and control groups increased significantly compared with that at 4 weeks. Additionally, the BV of the alkali treatment group was superior to that of the pure titanium group at 8 weeks. Analysis of the structure and number of trabecular bone showed that the number and thickness of trabecular bone were better in the experimental group than in the control group. Furthermore, the Tb.Sp of the pure titanium group was significantly higher than that of the alkali treatment group (p < 0.05).
Discussion
In this study, we aimed to confi rm the accelerated osteointegration on the bioactive surface of TNS by in vivo tests. According to results of the present study, TNS was successfully produced on the titanium implant screw, which had a relatively more complicated surface shape than commonly used titanium discs. We observed the nanonetwork structure on the surface of the titanium screw by SEM and evaluated the in vivo osteointegration of TNS and pure titanium by micro-CT analysis. Our findings suggested that TNS may be a suitable implant material in the fi elds of dentistry or orthopedics.
In our previous study, the formation of TNS on titanium discs was confirmed by SEM observations. In addition, the surface roughness and surface chemical composition were also determined by SPM and XPS 12, 13) . However, it was unclear whether TNS could also be produced on titanium screws via high-concentration alkali treatment. The SEM observation results in the present study showed that highconcentration alkali treatment could produce TNS not only on the titanium disc surface but also on the titanium screw surface, indicating that TNS implants may be easily manufactured by alkali solution immersion alone. Many surface modification methods have been shown to be effective for altering the surface characteristics and biological performance of titanium implant materials [15] [16] [17] [18] [19] [20] . Nevertheless, these methods may be very complicated or require heavy surfacemodification machines, which are expensive and restrictive. TNS showed advantages such as low cost, simplicity, and feasibility for large-scale manufacturing. Thus, further studies of this promising titanium implant biomaterial are warranted.
Biomaterials often show diff erent biological performance in vitro and in vivo; thus, it is essential to confirm whether the biological performance observed in animals is consistent with the experimental results of in vitro tests by cells 21) . In our previous study, TNS promoted protein adsorption, which is the initial part of the bone marrow messenchymal stem cell adhesion process, and TNS also enhanced cell proliferation and cell differentiation 13) . However, further studies are required to confi rm these biological advantages in animals in vivo. Indeed, in the present study, TNS enhanced in vivo osteointegration within 8 weeks. Specifi cally, TNS showed higher BV/ TV and higher Tb.Th than pure titanium at 4 weeks, and all of the tested indexes, including BV/TV, Tb.N, Tb.Sp, and Tb.Th, showed higher values on TNS than pure titanium at 8 weeks. These results are consistent with our previous in vitro experiments in bone marrow mesenchymal stem cells. We speculate that the nanoporous structures and the better surface mineralization activity may cause the enhanced osteointegration observed on TNS. We considered that the enhanced in vivo osteointegration on TNS might be attributed to the decrease of carbon component on TNS surface. Titanium constantly absorbs carbon and hydrocarbon from the atmosphere, thus the titanium surface is contaminated by carbon and hydrocarbon and the surface bioactivity decreases 22) . According to our XPS results (Table 1) , the carbon component on TNS is lower than pure titanium, which indicated that alkali-treatment could partially remove the carbon contamination on the Tetsuji Kusumoto et al.: Evaluation of an Alkali-Treated Implant System In Vivo titanium surface. Therefore, the in vivo osteointegration on TNS was better than pure titanium.
Although the biological mechanism of the enhanced osteogenic activity on nanoporous surfaces is still not well understood, Wang et al. suggested that the Wnt/β-catenin pathway may be involved in the enhancement of cell differentiation on the nanoporous surface 23) . The Wnt/β-catenin signaling pathway has been found to participate in the bone formation process by affecting each step of the osteogenic process 24) . Indeed, in this previous study, the nanoprous surface enhanced Wnt3a expression and blocked the activity of Wnt/β-catenin pathway inhibitors, such as secreted frizzled-related protein (sFRP) 1, sFRP2, Dickkopf WNT signaling pathway inhibitor (Dkk) 1, and Dkk2. The enhancement of Wnt3a expression and inhibition of Wnt/β-catenin pathway inhibitors resulted in activation of β-catenin signaling. The activated Wnt/β-catenin pathway promoted the expression of osteogenesis-related genes, such as Runx2 and alkaline phosphatase. Thus, the nanoporous structures on TNS may also upregulate the expression of Wnt/β-catenin pathway components to promote cell diff erentiation.
In addition, the better surface mineralization activity may also influence the in vivo osteointegration of the material. Camargo et al. suggested that the surface chemical composition of the alkali-treated titanium surface positively aff ected the surface mineralization ability 25) . During NaOH immersion, the TiO 2 layer on the titanium surface could be dissolved and react with OH-, forming a porous sodium titanium hydrogel layer on the titanium surface 26) . This layer has been demonstrated to be beneficial for the rapid nucleation of bone-like mineralization during the period of immersion in simulated body fl uid (SBF) 27, 28) . Some in vitro studies have demonstrated that alkali-treated titanium could induce more rapid apatite formation on the surface than the untreated pure titanium surface 29, 30) . Our previous study showed that diff erent concentrations of NaOH solution could produce diff erent surface nanotopographies and that the osteogenic activities on these surface nanotopographies were also different 13) . In that study, 10 M NaOH TNS showed the best osteogenic activity; thus, we assumed that 10 M NaOH TNS possessed the best surface bioactivity. Although further studies are required to confirm whether 10 M NaOH TNS possessed the best surface mineralization activity in SBF, the present study supported the high bioactivity of TNS through in vivo tests. In conclusion, a novel 3D-nanonetwork implant system for use in oral implantation was produced using high-concentration alkali treatment. TNS implants, which were rougher than traditional implants, had more favorable surface morphology and fewer C1s. In vivo experiments showed the effects of the bioactive surface in animals, and the fi ndings were consistent with the in vitro study results. Because of the characteristics of the bioactive surface morphology and the reduced C1s, the TNS implants led to improved osteointegration compared with the titanium implants in vivo. Therefore, TNS implants may be excellent implantation materials for applications in clinical dentistry and orthopedics.
